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Abstract 
A series of materials based on mesocellular siliceous foam (MCF) and SBA-15, but modified with branched and linear 
polyethyleneimine (PEI) were synthesized and investigated as CO2 adsorbents. PEI modified MCFs, have higher PEI loadings 
than SBA-15 and, consistent with this exhibit higher CO2 capacities on both a volume % and weight % basis. Performing CO2 
adsorption at modestly elevated temperatures is beneficial for achieving good adsorption and desorption rates. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Adsorption based processes represent one approach to capturing carbon dioxide from large point sources, such as 
the flue gas from power stations1. CO2 adsorbents take a variety of forms – but one approach is to fill mesoporous 
substrates (pore diameters > 2 nm) with a polymeric CO2 selective sorbent, typically containing a high concentration 
of amine groups. Adsorbents of this type, based on polyethyleneimine (PEI) as the amine and MCM-41 and SBA-15 
as the mesoporous substrate, have previously been investigated and reported to exhibit good CO2 adsorption 
capacities2,3. High CO2 capacities can be expected due to the abundance of amine sites. Also, PEI is potentially 
suitable for application at moderately elevated temperatures due to its lower vapour pressure2. MCF (mesocellular 
siliceous foam) is a mesoporous material that consists of uniform cells and windows which interconnect the 
spherical cells and form a continuous three dimensional (3D) pore system4,5. This geometrical arrangement enlarges 
the pore volume of MCF relative to previously investigated mesoporous substrates. SBA-15, by comparison, is a 2D 
mesoporous substrate with smaller pore volume. Thus, it is  projected that MCF, on a mass basis, can contain a 
greater loading of amine relative to other functionalized mesoporous substrates and thus give better performance for 
CO2 adsorption by virtue of its larger pore volume. This study reports the adsorption capacities and characterizes the 
adsorption/desorption behaviour of CO2 on PEI-modified SBA-15 and MCF at modestly elevated temperatures in 
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the context of a vacuum swing adsorption (VSA) process where the partial pressure of CO2 swings between 0.15 
and 0.025 atm. 
2. Experiments 
MCF samples with different pore volumes (2.25 and 2.50 cm3/g) were synthesized using the microemulsion 
templating route4. The MCF sample with 2.25 cm3/g pore volume is denoted as MCF/x and the MCF sample with 
2.50 cm3/g is denoted as MCF/y. For comparison, SBA-15, a two-dimensional mesoporous substrate with smaller 
pore volume, was prepared by a method adapted from Zhao et al6. SBA-15 and MCF samples were separately 
loaded with approximately one pore volume equivalent of linear PEI (Mw = 2500) or branched PEI (Mw = 1200) 
(Sigma-Aldrich) using the wet impregnation method; this corresponds to ~50 wt% for SBA-15 and ~70 wt% for 
MCF. These impregnated adsorbents are denoted as SBA-15/1200, SBA-15/2500, MCF/x.1200, MCF/x.2500, 
MCF/y.1200, MCF/y.2500 where the final number in the sequence represents the molecular weight of the PEI 
employed. The resultant materials were characterized by thermogravimetric analysis (TGA), infrared spectroscopy, 
X-Ray diffraction (XRD), small angle X-Ray spectroscopy (SAXS) and nitrogen adsorption/desorption. The CO2 
adsorption/desorption performance of the adsorbents was measured using combined thermogravimetric/differential 
thermal analysis (TGA/DTA)7. CO2 adsorption/desorption isotherms in dry CO2 mixtures with Ar (0, 2.5, 5, 15, 30 
and 50% CO2/Ar, allowing 20 minute equilibration time per step) were obtained at 75, 105 and 115oC. 
 
3. Results 
3.1. Materials characterization 
SAXS data for MCF/x and MCF/y, and the XRD patterns for the SBA-15 samples are shown in Figure 1.  SAXS 
(Figure 1) shows one strong primary peak at 2 of ~0.36 degree, as expected for MCF5. In the XRD pattern a strong 
intensity peak and two well defined weaker peaks at 2 between 0.5 and 2o are clearly resolved and consistent with 
the known two dimensional hexagonal p6mm structure of SBA-156.  After PEI modification, the strong intensity 
peak decreased significantly and the minor diffraction peaks disappeared completely.  
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Figure 1 SAXS and XRD pattern of MCF and   
SBA-15 (before and after PEI 
modification) 
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Figure 2 Infrared spectra of MCF/x before and after 
modification; (a) MCF/x, (b) MCF/x.1200, (c) 
MCF/x.2500 
a
b
c
In
te
n
s
it
y
 (
a
.u
) 
  
T
ra
n
s
m
it
a
n
c
e
, 
%
 
840 D.J.N. Subagyono et al. / Energy Procedia 4 (2011) 839–843
 Dirgarini et al/ Energy Procedia 00 (2010) 000–000 3
 
 
Figure 2 shows the infrared spectra of MCF/x before and after PEI impregnation. In the MCF/x spectra, a strong 
broad peak was observed at 3450 cm-1, due to O-H stretching vibrations from silanol and/or molecular adsorbed 
water3,8. A medium intensity peak, probably due to H-O-H bending is observed in the MCF spectrum at 1630 cm-1 3. 
Si-O-Si asymmetric stretching produced broad peaks at ~1100 cm-1 on pure MCF/x9,10. In the spectra of modified 
MCF, peaks due to amine groups are clearly observed, which are from N-H stretching (3260 cm-1)8, C-H 
asymmetric stretching and symmetric stretching (~2950, ~2840 cm-1)9,10, N-H deformation in R-NH3+ (1560-1570, 
~1650 cm-1)8,11, and  C-H deformation (~1470 cm-1)11. The appearance of these peaks clearly indicates that PEI was 
effectively incorporated into the MCF.  
Table 1 presents textural properties of MCF and SBA-15 samples before and after PEI modification. The pore 
volumes, pore diameters, and surface areas were determined from nitrogen adsorption/desorption isotherms. The 
pore and window diameter of MCF was determined using a simplified Broekhoff-de Boer method12 from the 
adsorption and desorption branches. Upon PEI modification, there is a significant reduction in those values (Table 
1).  
 
Table 1  Textural properties for MCF and SBA-15 before and after PEI modification. 
Material Pore diameter (nm) a 
Window diameter  
(nm)b 
Pore volume 
(cm3/g)c 
Surface area  
(m2/g)d 
SBA-15 
MCF/x 
MCF/y 
6.8 
31.7 
31.4 
- 
11.4 
12.6 
0.89 
2.25 
2.50 
723 
732 
509 
SBA-15/1200 
SBA-15/2500 
MCF/x.1200 
MCF/x.2500 
MCF/y.1200 
MCF/y.2500 
Not applicable 
<0.01 
0.07 
<0.01 
0.05 
<0.01 
0.04 
4 
36 
0 
22 
2 
20 
a calculated with BDB-FHH method from adsorption branch of the nitrogen isotherm 
b calculated with BDB-FHH method from desorption branch of the nitrogen isotherm 
c determined from nitrogen sorption isotherm 
d calculated by the BET method 
 
3.2. CO2 adsorption/desorption 
The CO2 adsorption/desorption isotherms for amine modified MCF/y at 75, 105, and 115 oC are shown in Figure 
3. It is clearly seen that increasing the CO2 concentration (partial pressure) leads to a rise in CO2 capacity. From 
Figure 3, it also can be seen that, at 75 oC, there is marked hysteresis between the adsorption and desorption portions 
of the isotherms of MCF/y.1200 (also for MCF/x.1200 and SBA-15/1200) indicating that CO2 adsorption is not 
completely reversible under the equilibration conditions used (20 minutes per step) in this study. For branched PEI 
modified MCF samples, the CO2 adsorption at 75 oC is below that reached at 105 oC, indicating that CO2 adsorption 
is diffusion limited at the lower temperature. In contrast, CO2 adsorption on MCF/y.2500 (also for MCF/x.2500 and 
SBA-15/2500) at 75 oC shows only slight hysteresis. For the MCF cases, no hysteresis was observed at either 105 or 
115 oC. Thus, it is clear that, at modestly elevated temperatures, CO2 adsorption/desorption can be completely 
reversible in these systems (with a 20 minute equilibration time). At these higher temperatures the mobility of the 
PEI, and hence the diffusivity of CO2 within it, is significantly improved. However, at high temperatures, CO2 
capacity is lower than at low temperature due to a decrease in chemical interactions between CO2 molecules and 
amine in a manner similar to that reported by Su et al13. 
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Figure 3 CO2 adsorption/desorption isotherm of amine modified MCF/y at 75, 105, and 115 oC 
 
Table 2 shows comparisons of the CO2 adsorption capacity (50% CO2/Ar) of PEI modified substrates at three 
different temperatures. At 75 oC, MCF/y.2500 exhibit the highest CO2 capacity (146 mg/g adsorbent) among the 
materials tested. The CO2 uptake of MCF/y.1200 at 105 oC is the highest of all the materials tested in the range 75-
115 oC (151 mg CO2/g adsorbent). There is no significant difference in CO2 capacities observed from the use of the 
two MCF materials with different pore volumes. The working capacities of the branched PEI modified MCF at             
115 oC are higher than the working capacities of commercially available zeolite 13X over the same pressure interval 
(0.15 - 0.025 atm) at 25, 35, and 50 oC14 and also at 105 oC15. 
Table 2 CO2 capacity of amine modified adsorbents at three different temperatures 
 
4. Conclusions 
It has been shown that PEI modified MCF and SBA-15 materials adsorb appreciable amounts of CO2 at modestly 
elevated temperatures. In particular, MCF modified with branched PEI was observed to exhibit relatively rapid and 
reversible CO2 adsorption at 105 and 115 oC. This suggests it may be beneficially used in a VSA CO2 capture 
process. On a mass and volume basis, PEI modified MCFs exhibit higher CO2 capacity than those of SBA-15. The 
Adsorbent 
CO2 capacity (mg CO2/g adsorbent) 
75 
o
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o
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o
C
MCF/x.1200 
MCF/y.1200 
MCF/x.2500 
MCF/y.2500 
SBA-15/1200 
SBA-15/2500 
110.4 
116.9 
141.1 
145.7 
118.2 
85.9 
143.9 
150.7 
61.5 
59.0 
107.1 
55.6 
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25.6 
25.9 
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use of these materials at modestly elevated temperatures is preferable to achieve good kinetics although the CO2 
capacity generally decreased as temperature increased.  
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